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PREFACE 

B o l t  Beranek and Newman I n c .  

This is Volume I of a two volume final report for NASA 

Contract No. NAS~-32171 entitled, "SRB Reentry Acoustic Environ- 
ment and Flexible Heat Shield Similarity Verification." In this 
volume, we report on those aspects of the program bearing upon 

the aeroelastic stability of the SRB heat shield during reentry. 

Our assessment of the reentry acoustic environment, along with a 

derivation and discussion of the relevant scaling parameters, is 

presented in Volume 11. 

The authors would like to acknowledge many helpful discussions 

with W.W. Clever and Z.H. Walker of NASA MSFC. Their cooperation 

and assistance throughout the program is appreciated. 
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I. INTRODUCTION 

The h e a t  s h i e l d  on t h e  S o l i d  Rocket Boos t e r  (SRB) i s  a f a b r i c  

c u r t a i n  t h a t  c o v e r s  t h e  a n n u l a r  opening  between t h e  lower  edge o f  

t h e  a f t  s k i p t  and t h e  gimbeled r o c k e t  nozz l e .  I ts  pr imary  purpose  
i s  t o  p r o t e c t  components w i t h i n  t h e  c a v i t y  between t h e  s k i r t  and 

t h e  n o z z l e  f rom h e a t  r a d i a t e d  by t h e  exhaus t  plume d u r i n g  a s c e n t ,  

bu t  i t  a l s o  r educes  f l u c t u a t i n g  p r e s s u r e  l e v e l s  w i t h i n  t h e  same 

c a v i t y  d u r i n g  r e e n t r y .  A schemat ic  drawing o f  t h e  a f t  end o f  t h e  
SRB i n c l u d i n g  t h e  h e a t  s h i e l d  i s  shown i n  F ig .  1. 

The SRB tumbles  a f t e r  b e i n g  s e p a r a t e d  from t h e  O r S i t e r ,  and 

t h e n  s e t t l e s  i n t o  a ta i l -down a t t i t u d e  as i t  r e e n t e r s  t h e  atmos- 

phere .  Maximum dynamic p r e s s u r e  i s  r eached  when t h e  r e e n t r y  
Mach number i s  about  2.75. During t h i s  c r i t i c a l  phase o f  r e e n t r y ,  

t h e  a n g l e  between t h e  l o n g i t u d i n a l  a x i s  of t h e  b o o s t e r  and t h e  
r e l a t i v e  wind v a r i e s  between 110' and 180°,  w i t h  t h e  a f t  and 

f a l l i n g  foremost .  The h e a t  s h i e 1 d . i ~  t h u s  d i r e c t l y  exposed t o  a 
s u ~ e r s o n i c  f low a t  h i g h  dynamic p r e s s u r e .  

Wind t u n n e l  t e s t s  o f  a  3% s c a l e  model o f  t h e  a f t  p o r t i o n  o f  
t h e  SRB equipped w i t h  p a r t i a l l y  s c a l e d  haat s h i e l d s  were conducted 

f o r  t h e  purpose  o f  measuring f l u c t u a t i n g  p r e s s u r e  l e v e l s  i n  t h e  

a f t  s k i r t  r eg ion . "  During t h e s e  t e s t s ,  t h e  h e a t  s h i e l d s  were 
observed t o  o s c i l l a t e  v i o l e n t l y ,  t h e  o s c i l l a t i o n s  i n  some i n s t a n c e s  
c a u s i n g  t h e  h e a t  s h i e l d s  t o  f a i l .  High speed f i l m s  t a k e n  d u r i n g  
t h e  t e s t s  r e v e a l  a r e g u l a r  p a t t e r n  o f  waves i n  t h e  f a b r i c  s t a r t i n g  

t 
The mass/uni t  a r e a  o f  t h e  model h e a t  s h i e l d s  b o r e  t h e  p rope r  

r e l a t i o n s h i p  t o  f u l l  s c a l e .  Other  s i m i l a r i t y  pa rame te r s  b e a r i n g  
upon f o r c e d  o r  s e l f - e x c i t e d  a e r o e l a s t i c  r e sponse  were n o t  s c a l e d .  
Mass- ra t io  s c a l i n g  i s  a p p r o p r i a t e  f o r  mode l l i ng  t h e  "mass law" 
r e sponse  o f  an e s s e n t i a l l y  l imp membrane t o  en fo rced  f l u c t u a t i n g  
p r e s s u r e  l o a d s .  
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near the flow stagnation point and progressing around both sides 

of the annulus. The amplitude of the waves was too great, and 
their pattern too regular, for them to be attributed to the 

fluctuating pressure levels measured during the tests. 

The purpose of the investigation reported here is to deter- 

mine the cause of the oscillations observed in the model heat 

shields, and to determine whether or not similar oscillations 

will occur in the full scale SRB heat shield Curing reentry. 
Suggestions for modifying the heat shield so as to avoid the 

oscillstions are prcvided, and recommendations are made for a 

program of vibration and wind tunnel tests of reduced-scale 

aeroelastic models of the neat shield. The recommended program 

provides an enhanced level of confidence in establishing a heat 

shield design that will survive reentry and provide protection 

for components contained within the aft skirt cavity. 
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2. QUASI-STEADY AERODYNAMIC ENVIRONMENT DURING REENTRY 

Data on t h e  expected r e e n t r y  t r a j e c t o r i e s  of  t h e  SRB have 
been provided%y NASA Marshal l  Space F l i g h t  Center  (Ga l l abof f ,  
1976) .  O f  most importance t o  t h e  p resen t  i n v e s t i g a t i o n  a r e  t h e  

pedictedmaximum va lues  of dynamic p r e s s u r e  and t h e  p r e d i c t e d  
a t t i t u d e  o r  ang le  of a t t a c k  o f  t h e  SRB dur ing  r e e n t r y .  The 
maximum dynamic p r e s s u r e  ( t o  be exceeded dur ing  only  5% of re-  
e n t r i e s )  is  shown i n  Fig.  2 as a f u n c t i o n  o f  r e e n t r y  Mach num- 
b e r  Moo. The greatest dynamic p r e s s u r e  i s  encountered when t h e  
r e e n t r y  Mach number i s  abcut  2.75. 

During t h e  p ~ r t i o n  o f  r e e n t ~ - ~  a t  which maximum dynamic pres-  
s u r e  Is encountered,  each SRB i s  expected t o  be execu t ing  a  con- 
i n g  motion wi th  an  ang le  of a t t a c k  g r e a t e r  than  90°. That i s ,  

t h e  b o o s t e r s  f a l l  nozzle-end first ( s e e  ske tch  i n  Fig .  3 ) .  The 
ang le  o f  a t t a c k  i s  not  c o n s t a n t ,  bu t  v a r i e s  randomiy about an 
e q u i l i b r i u m  value.  The ang le  o f  a t t a c k  i s  expected t o  f a l l  out- 
s i d e  t h e  range shown i n  Fig .  3 dur ing  only 5% of a l l  SRB re-  
e n t r i e s .  

Even though t h e  ang le  o f  a t t a c k  is  b a s i c a l l y  a  random v a r i -  
a b l e  dur ing  r e e n t r y ,  t h e  r a t e  o f  v a r i a t i o n  o f  ang le  of a t t a - k  
i s  very smal l  compared t o  t h e  f requenc ies  o f  t h e  a c o u s t i c  and 
a e r o e l a s t i c  d i s tu rbances  be ing addressed i n  t h i s  r e p o r t ,  s o  t h e  
flow around t h e  a f t  end of  t h e  SRB can be assumed t o  be quas i -  
s t eady ;  t h a t  is, i d e n t i c a l  t o  t h e  s teady flow t h a t  would e x i s t  
a t  t h e  same ins tan taneous  ang le  of  a t t a c k .  We can t h e r e f o r e  
i n f e r  t h e  b a s i c  f e a t u r e s  o f  t h e  flow over  t h e  a f t  s k i r t  r eg ion  
o f  t h e  SRB from t k 2  S c h l i e r e n  phctographs and time-averaged 
p r e s s u r e  d a t a  recorded dur ing  wind t u n n e l  t e s t i n g  of  a 3% 
s c a l e  model i n  t h e  1.02m x 1.02m (40 i n  x 40 i n )  Supersonic Wind 
Tunnel ( A )  a t  t h e  Arnold Engineering Development Center  (AEDC). 

i l ;  



BBN R e p o r t  No. 3532 B o l t  B e r a n e k  a n d  Wewman I n c .  

REENTRY MACH NUMBER 

FIG. 2 .  D Y N A M I C  PRESSURE VS MACH NUMBER 

DURING REENTRY 
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REENTRY MACH NUMBER, 
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FIG. 3 .  A N G L E  OF A T T A C K  RANGE E b R I N G  REENTRY 
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These tests were conducted at Mach numbers of 2.75 and 3.5. 
The angle or  a t t a c k  range was 110" t o  13g0. The test program 
was designed t o  d2termine nasinvn acous t ic  loads,  s o  t h e  test 
procedure was t o  record only r m s  p ressure  l e v e l s  a t  s e l ec t ed  
po in t s  i n  t h e  aft  s k i r t  region over t h e  e n t i r e  angle  of a t t a c k  
range. Schl ieren photographs were taken only a t  thoss  angles  
of  a t t a c k  which produced t h e  highest  r m s  p ressure  i l u c t u a t i o n s ,  
s o  t h e  shock s t r u c t u r e  is  not known a t  a l l  angles  of a t t ack .  
However, t h e  ava i l ab l e  Schl ie ren  of photographs show t h e  s i t ua -  
t i o n  depicted i n  Fig. 4. 

A t  t h e  angles  of  a t t a c k  a t  which t h e  g r e a t e s t  a e r o e l a s t i c  
response and acoust ic  loads  occurred an obl ique shock wave was 
at tached t o  t h e  l i p  of t h e  a f t  s k i r t  a t  t h e  s tagna t ion  po in t .  
I n  a l l  cases  checked, t h e  angle formed by t h i s  shock wave with 
t he  d i r e c t i o n  of  flow agreed (wi thin  + l o )  wi th  t h a t  predic ted by 
inv i sc id  compressible flow theory f o r  t h e  two-dimensional flow 
over a wedge having t h e  flow de f l ec t ion  angle  0 shown i n  t h e  
f igure .  T h i s  was in t e rp re t ed  as evidence t h a t ,  at l e a s t  i n  t he  
plane of  l a t e r a l  symmetry, the  flow was e s s e n t i a l l y  a 2-D wedge 
flow. To confirm t h i s ,  time-averaged (DC) pressures  recorded 
a t  s eve ra l  l cca t ions  on t h e  face  of  t he  a f t  s k i r t  were p l o t t e d  
vs. angle of a t t ack .  Typical r e s u l t s  a r e  shown i n  Figs.  5 and 
6 (Moo = 2.75 and 3.5, r e spec t ive ly ) .  I n  each f igu re ,  the  s o l i d  
l i n e  is the  pressure  t h a t  would e x i s t  on t h e  face  of  a wedge 
t h a t  turned the  flow through the angle 8 = a - 90' .  The l i n e s  
a r e  extended only t o  t he  angle a t  which the  shock would detach 
from t h e  leading edge i n  a 2-D flow. A t  h igher  angles  of a t t a c k ,  
the  shock w i l l  s tand o f f  frori t he  s k i r t ,  and t h e  flow w i l l  be 

subsonic over some o r  a l l  of t he  face  of t h e  s k i r t .  
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FIG. 4 .  LOCAL FLOW GEONETRY 
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M = 2.75 
GROUP 81 
C2 - H21- FO 

0 STATION 1 
V STATION 2 

STATION 3 
A STATION 4 

F I G .  5 .  STEADY PRESSURE OVER A F T  S K I R T  R E G I O N ,  M, = 2 .75  
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GROUP lQ 
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B STATION 2 
0 STATION 3 
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ANGLE OF ATTACK (degrees) 

.a 
F I G .  6. STEADY PRESSURE OVER AFT S K I R T  REGION, M_ - 3.51 
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The l o c a t i o n s  o f  t r a n s d u c e r s  1 through 4 are shown i n  Fig.  7 %  
( l o = a t i o n s  P1 through P4). T ~ a n s d u c e r  82 i s  l o c a t e d  immediately 
~tplztream o f  a  small l i p  extending around t h e  pe r iphery  o f  t h e  
t ~ ~ n c a t e d  rocket  nozzle.  A t  h igh a n g l e s  o f  a t t a c k ,  t h i s  t r a n s -  
ducer  would be expected t o  r e a d  s t a g n a t i o n  p r e s s u r e ,  a s  indeed 
i t  i s  a p p a r e n t l y  doing i n  both f i g u r e s  f o r  a > 120°. The o t h e r  
t r a n s d u c e r s ,  however, show reasonab le  agreement wi th  t h e  wedge 

t ' l r w  p r e s s u r e  curve f o r  a l l  a n g l e s  l e s s  than  t h e  shock detach- 
m? i t  angle .  

I n  t h e  fo l lowing  s e c t i o n s ,  w e  w i l l  assume t h a t  mean flow 
c o n d i t i o n s  over  t h e  f a c e  of t h e  h e a t  s h i e l d  and t h e  s k i r t  p roper  
can be r e l a t e d  t o  f r e e  stream c o n d i t i o n s  by computing t h e  flow 
o v e r  a  wedge a t  t h e  a p p r o p r i a t e  upstream Mach number and t u r n i n g  

angle .  The r e q u i s i t e  theory  and formulae a r e  g iven i n  Liepman 
and Roshko (1957) and i n  NACA Report 1135 (1953),  and w i l l  not  be 
repea ted  here .  For t h e  p r e s e n t ,  we  show i n  Figs .  8 and 9 t h e  

l o c a l  Mach number and l o c a l  dynamic p r e s s u r e  (normalized by t h e  
'ree stream va lue )  as f u n c t i o n s  o f  a n g l e  of  a t t a c k  and free 

s t ream Mach number. These f i g u r e s  apply  e q u a l l y  t o  any geo- 
metrically s c a l e d  wind t u n n e l  model, and t o  t h e  SRB i t s e l f .  
Por  t h e  model, of course ,  Mm and qs denote wind t u n n e l  t e s t  
s e c t i o n  c o n d i t i o n s ,  whereas a t  f u l l  s c a l e  they  are t h e  r e e n t r y  

Mack. number and dynamic p r e s s u r e .  

To unde-sband t h e  a e r o e l a s t i c  o s c i l l a t i o n s  o f  t h e  hea t  
s h i e l d ,  i t  1s important  t o  understand t h e  fo l lowing  two p o i n t s ,  
i m p l i c i t  i n  Figs.  8 and 9: 

*Figure taken Prom P o r t e r  (1976 ) . 
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( 1 )  The l o c a l  Mach number over  t h e  h e a t  s h i e l d  i s  always 
less than  o r  equal. t o  t h e  free s t ream Mach number. 
A s  t h e  ang le  o f  a t t a c k  i n c r e a s e s  from go0, t h e  l o c a l  

Mach number drops  from t h e  f r e e  s t ream va lue  t o  1.0. 
A t  s t i l l  h i g h e r  a n g l e s  of a t t a c k ,  t h e  flow over  some 
p o r t i o n  o r  a l l  of t h e  h e a t  s h i e l d  is subsonic.  

( 2 )  The l o c a l  dynamic p r e s s u r e  may exceed t h e  f r e e  s t ream 
value ,  i n  s p i t e  of  t h e  v iscous  l o s s e s  t h a t  occur  I n  
t h e  ob l ique  shock. By comparing t h e  two f i g u r e s ,  i t  

can be seen t h a t  even where M- = 3.5, t h e  g r e a t e s t  
t oea t  dynamic p r e s s u r e s  occur  a t  a t oca t  Mach number 
between 1.0 and 2.0. 

A n t i c i p a t i n g  l a t e r  r e s u l t s ,  t h e  a e r o e l a s t i c  response o f  
t h e  h e a t  s h i e l d  is  expected t o  be most s e v e r e  w' .n t h e  l o c a l  
Mach number exceeds 1. A s  shown i n  Fig.  10 ,  t h e  l o c a l  Mach 
number i s  expected t o  exceed 1 only when t h e  r e e n t r y  Mach 
number i s  g r e a t e r  t h a n  2.6. This p o t e n t i a t t y  troubtesome 

regime could be e  t iminated  e n t i r e  t y  i f  the expected ang Ze 

o f  a t t a c k  range eoutd be narrowed f o r  descent  Maeh  umbers 

grea ter  than 2 . 6 .  To e l i m i n a t e  l o c a l l y  syperson ic  v e l o c i t i e s  
over  t h e  h e a t  s h i e l d  dur ing  t h e  e n t i r e  r e e n t r y ,  i t  would be 
necessary  t o  i n s u r e  t h a t  t h e  ang le  of  a t t a c k  exceeds 132' a t  
M, = 2.75 and 137O a t  M, = 3.5. S i n c e  t h e  l o c a l  Mach number 
i s  very s e n s i t i v e  t o  changes i n  ang le  o f  a t t a c k  nea r  M l o c a l  = 1, 
t h e  a n g l e s  quoted above i n c o r p o r a t e  a s a f e t y  f a c t o r  o f  l o 0 .  That 

i s ,  t h e  theory  p r e d i c t s  t h a t  Mlocal = 1 when a = 122O f o r  

MOD 
= 2.75, and when a = 127' f o r  M, = 3.5. 

El iminat ion  o f  l o c a l l y  superson ic  flow over  t h e  h e a t  s h i e l d  
w i l l  no t  prec lude  t h e  p o s s i b i l i t y  of  unacceptable hea t  s h i e l d  
o s c i l l a t i o n s ,  but it w i l l  reduce t h e i r  s e v e r i t y .  The a d d i t i c n a l  
s t r u c t u r a l  s t i f f n e s s  r e q u i r e d  t o  e l i m i n a t e  t h e  oscillations w i l l  

be correspondingly  reduced. 
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3. MODEL HEAT SHIELD OSCILLATIONS OBSERVED I N  WIND TUNNEL TESTS 

The characteristics of the heat shield oscillations observed 
during the AEBC tests are summarized in Table 1. Anticipating 

later developments, the corresponding results from flutter theory 

are also shown. The entries in this table indicate the ranges 

encountered for the quantities listed; no attempt has been made 

to distinguish between specific heat shield designs@ or flow 

conditions (Mach number, angle of attack, tunnel density, etc.). 

No instrume:2tation intended specifically to measure the heat 
motion was Installed on the model, so only the high speed film 

provides any specific information about the oscillati~ns. These 

high speed films were not taken on all runs, but all films which 

display the oscillations show a regular wave motion starting at 

the portion of the a~nular heat shield nearest the stagnation 

point, and progressing around both sides of the annulus in the 

direction of air flow. The wave motion is symmetric about the 
diameter containing the stagnation'point, w i t h  pa i r s  af waves 

moving around the annulus from the stagnation point and meeting 

one another 180° from their point of origln. No reflected waves 
were discernible. 

TABLE 1 .  MODEL HEAT OSCILLATIONS 

I Dileasured I Flutter Theory  

Wavespeed 

Wavelength 

Frequency 

Amplitude 1.2 cm 
(approximately) 

#Heat shields of three different materials and area mass densities 
were tested. 
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No forced-response phenomena known 50 t h e  a u t h o r s  can e x p l a i n  
t h i s  behavior .  Even i f  a source  o f  e x c i t a t i o n  a t  a  s i n g l e  
frequency were p r e s e n t  i n  t h e  flow, t r a v e l i n g  waves would not 
be i n d i c a t e d  un less  t n e  disturb8.nce was l i m i t e d  t o  one reg ion  
of t h e  h e a t  s h i e l d  ( s p e c i f i c a l l y ,  t h e  reg ion  from which t h e  
waves o r i g i n a t e d ) ,  o r  t h e  d i s t u r b a n c e  i t se l f  were convected 
around t h e  annulus wi th  t h e  observed speed of  t h e  waves i n  t h e  
h e a t  s h i e l d .  Note t h a t  t h e  speed of t h e  waves i s  c o n s i d ~ r a b l y  

less than  t h e  f l u i d  flow v e l o c i t y  which i s  on t h e  o r d e r  o f  2500 
cm/sec. Thus, t h e  waves a r e  not  l i k e l y  t o  be a  p a s s i v e  response 
t o  a  v o r t e x  o r  o t h e r  d i s t u r b a n c e  convected wi th  t h e  flow. 

On t h e  o t h e r  hand, t h e  f l u t t e r  theory  p resen ted  i n  Sec. 4 
p r e d i c t s  t h e  fo l lowing f e a t u r e s  o f  t h e  motion observed i n  t h e  

wind t u n n e l  t e s t s :  

(1) The b a s i c  wave-like c h a r a c t e r  of the  o s c i l l a t i o n s ;  
( 2 )  Frequencies and wavelengths which a r e  i n  f a i r  quant i -  

t a t i v e  agreement wi th  experiment; and 
( 3 )  Good agreement w i t h  experiment a s  t o  t he  range of  

ang les  of a t t a c k  a t  which t h e  a e r o e l a s t i c  response  
is most severe .  

Two a d d i t i o n a l  p o i n t s  o f  agreement should be mentioned he re .  
Although no a t t e m p t  has been made t o  p r e d i c t  t h e  ampli tude of  
t h e  hea t  s h i e l d  o s c i l l a t i o n ,  non l inea r  pane l  f l u t t e r  theory  pre- 
d i c t s  t h a t  it should be on t h e  o r d e r  o f  t h e  s a g  r a d i u s  (Dowell, 
1970).  The s a g  r a d i u s  of  t h e  model hea t  s h i e l d s  was R = 1 . 1 4  cm 
(0.45 i n ) ,  which is roughly t h e  ampli tude of t h e  o s c i l l a t i o n s  
seen i n  t h e  f i l m s .  Nonlinear f l u t t e r  theory  a l s o  p r e d i c t s  t h a t  
a s t a t i c  p r e s s u r e  d i f f e r e n t i a l  should reduce t h e  ampli tude of 
t h e  response  when t h e  p r e s s u r e  i s  h i g h e r  on the  concave s i d e  of 
t h e  h e a t  s h i e l d ,  and i n c r e a s e  i t  when t h e  p r e s s u r e  i s  n i g h e r  
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on t h e  convex s i d e  (Dowell, 1969 and 1970).  De ta i l ed  c a l c u l a -  
t i o n s  of t h e  e f f e c t  of a p r e s s u r e  d i f f e r e n t i a l  a r e  d i scussed  

i n  Sec. 4 ;  he re  we mention only t h a t  one test run  i n  which t h e  
p r e s s u r e  w i t h i n  t h e  c a v i t y  behind t h e  h e a t  s h i e l d  was g r e a t e r  

than  t h a t  o u t s i d e  produced v i . ) l en t  o s c i l l a t i o n s  and immediate 
f a i l u r e  o f  t h e  hea t  s h i e l d .  

The success  o f  t h e  f l u t t e r  theory  i n  p r e d i c t i n g  the " sic 
f e a t u r e s  o f  t h e  hea t  s h i e l d  o s c i l l a t i o n s  and t h e  f low c; i o n s  
under which they occur  l e a d  us t o  conclude t h a t  t h e  o s c i  ' 3ns 
were caused by a e r o e l a s t i c  f l u t t e r ,  rather than  some forced 
response  phenomenon. 
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4 .  HEAT SHIELD FLUTTER: BASIC THEORY AND APPLICATION TO 3% 

SCALE MODELS 

I n  t h i s  s e c t i o n ,  we p r e s e n t  b a s i c  t h e o r e t i c a l  r e s u l t s  f o r  I !  
hea t  s h i e l d  f l u t t e r  and d i s c u s s  t h e i r  a p p l i c a t i o n  t o  t h e  3% s ? a l e  
h e a t  s h i e l d s  used i n  t h e  AEDC t e s t s .  Two s e p a r a t e  t h e o r i e s  a r e  1 :  
presen ted ,  on? f o r  low supersonic  speeds and ano the r  f o r  h igh  
supersonic  speeds,  because of  b a s i c  d i f f e r e n c e s  i n  t he  parametr ic  
depqndence of t h e  a - r o e l a s t i c  response  i n  t h e s e  two flow regimes. 

I :  
The fundamentt '  d i f f e r e n c e  between t h e  two t h e o r i e s  i? t h e  methcd 
by which t h e  aerodynamic loads  on t h e  oscillating hea t  s h i e l d  a r e  
c a l c u l a t e d .  The s i m p l i f i e d  p i s t o n  tl leory express ion  used i n  t h e  

h igh  supersonic  theory  i s  u s u a l l y  cons idered  t o  be accep tab le  
f o r  l o c a l  Mach numbers g r e a t e r  thzn  1 . 5  o r  2 .0  ( s e e  Dixon r1966j 
o r  Dowel1 [1972]). I n  t h i s  r e p o r t ,  we have chosen N 5 1 .5  a s  
t h e  d i v i s i o n  between t h e  two regimes. F u r t k e r  d i s c u s s i o n  of 
t h i s  p o i n t  i s  provided i n  Sec. 4.3. 

4 . 1  P r e d i c t i o n  of A e r o e l a s t i c  Loads 

Under most t e s t  c o n d i t i o n s ,  t h e  o s c i l l a t i o n s  encountered dur- 
i n g  t h e  AEDC t e s t s  d i d  not  cause immediate f a i l u r e  of t h e  hea t  
s h i e l d s .  S i m i l a r  o s c i l l a t i o n s  i n  t h e  f u l l  s c a l e  h e a t  s h i e l d  might 
a l s o  be accep tab le ,  if i t  could be a s c e r t a i n e d  t h a t  they dould not  
cause premature f a i l u r e  of  t h e  h c a t  s h i e l d  o r  nearby components 
dur ing  r e e n t r y .  This  approach would r e q u i r e  t h a t  s t r e s s e s  and an- 
chorage loads  caused by f l u t t e r  be determined w i t h  an accept-  
a b l e  l e v e l  of  confidence.  The r e l e v a n t  theory  Is i n h e r e n t l y  
non l inea r  (Dowell, 1970), and r e q u i r e s  lengthy numerical com- 
p u t a t i o n s  t o  t r e a t  even simple s t - u c t u r a l  c o n f i g u r a t i o n s  (such 
as, f o r  example, a  r e c t a n g u l a r  homogeneous e l a s t i c  p l a t e  w i t h  

no a p p l i e d  s t r u c t u r a l  l e a d s ) .  A r v e n t  5 ;  tenpt t o  compute 
e t p e s s e e  i n  a f l u t t e r i n g  panel  ~ x p o s e d  t c  iri-plane loads  
and a s t a t i c  p r e s s u r e  d i f f e r e n t l a l  met wi th  l i m i t e d  success  
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(Ventmu and lbg ,  1973). I n  ou r  opinion,  p red i c t i ng  a e r o e l a s t i c  
load8 by t b s + y  atoft6 is  beyond t h e  utate of  the art. Therefore, 

w e  have l imi ted  our  a t t e n t i o n  t o  predic.lng t h e  onset  o f  f l u t t e r ,  
with t he  u l t imate  ob jec t ive  o f  us ing theory and experiments t o  
design a heat  s h i e l d  t h a t  n i l 1  not f l u t t e r  dur ing  reentry .  

4.2 Low fugersonis Theory 

The higla speed films taken dur ing the  AEDC tests show waves 
progressing around t h e  circumference of t h e  annular  hea t  sh i e ld .  
The wavelength o f  t he se  waves is comparable t o  t h e  width of t h e  
annulus (more prec i se ly ,  the d i f f e r ence  between the  inner  and 
ou te r  r a d i i ) .  Since t h e  wavelength is much smaller than e i t h e r  
t he  semi-circumference o r  t h e  mean r ad ius  o f  t h e  heat  s n i e l d ,  
w e  have s impl i f ied  t h e  geometry f o r  a n a l y t i c a l  purposes by 
"s t ra ightening ou tN t h e  heat  sh i e ld .  That i s ,  t h e  a e r o e l a s t i c  
m d e l  is not an annulus but  an I n f i n i t e l y  long panel having t h e  

same width as the  a..nulus. The a i r f l ow i s  assumed t o  be p a r a l l e l  
t o  tht. side edges of t h i s  i n f i n i t e  panel,  a s  shown i n  Fig. 11. 

To j u s t i f y  t h i s  f l u t t e r  model, a  s e r i e s  of  companion cal -  
cu la t ions  were made f o r  a s e t  of aluminum panels of  var ious  geo- 
metries. The quant i ty  ca lcu la ted  i n  a l l  cases  is  t h e  th ickness  
required of  a homogeneous aluminum p l a t e  having t h e  same w i d t h  

as t h e  f u l l  scale SRB heat  sh i e ld ,  so as t o  prevent f l u t t e r  
during reentry .  The r e s u l t s  are summarized i n  Table 2. They 
demonstrate t h e  followlng points :  

(1) The thickness required t o  prevent f l u t t e r  is  g r e a t e r  
when t h e  flow is ci rcumferent ia l .  

%Recommended t e s t s  are discussed i n  Sec. 6. 
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SECTION A-A 

SIMPLIFIED 
lbloi'EC 

1 .  SCHEMATIC DRAW116 OF ANNULAR HEAT SHIELD AND THE 
S I M P L I F I E D  GEQMETRICAL MODEL 
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(2 )  The e f f e c t  of  f i n i t e  l eng th  I n  t h e  d i r e c t i o n  of  air- 
flow is small, and i n  any event,  assuming an in- 
f i n i t e l y  long panel  i s  conservat ive  ( i .e . ,  r equ i r e s  
a t h i c k e r  p l a t e  t o  prevent f l u t t e r ) .  

A schematic drawing of  t h e  annular  hea t  s h i e l d  and t h e  
s t ra igh tened  out  approximation are shown In  Fig. 11. The f u l l  
s c a l e  heat  s h i e l d  is constructed s o  t h a t  t h e  heat  s h i e l d  f a b r i c  
f o r m  a sag rad ius  of 37.3 cm (14.7 I n )  between t h e  nozzle 
anchorage r i n g  and t h e  af t  s k i r t .  The equivalerit  r ad ius  (at 
3% s c a l e )  was formed i n t o  t h e  model heat  sh i e ld s ,  and is  shown 
i n  Fig. 11 as t h e  sag  rad ius  R. This has been incorporated i n  
t h e  s t ra igh tened  model as cross-stream curvature  o f  t h e  same 
rad ius  R. 

: 1 
, , The a n a l y s i s  t h a t  fol lows is  bas i ca l ly  an adaptat ion of  t he  
.. I method devised by E.H. Dowel1 (1966) t o  t r e a t  t he  f l u t t e r  of an 

I 

I i n f i n i t e l y  long f la t  p l a t e .  H i s  ana lys i s  has been extended t o  
i 
1 include cross-stream curvaLure and a s t a t i c  pressure  d i f f e r e n t i a l  

I i 

j (unequal pressures  on the  i nne r  and o u t e r  sur faces  of  t h e  heat  
: s h i e l d ) .  
1 

The l i nea r i zed  equations of motion of  a p l a t e  curved i n  
i 

i one d i r e c t i o n  are: 
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As depicted in Fig. 11, the x-axis extends 
dimension of the plate, whose side edges are located at y = *b/2. 1 
The a%rflow is in the direction of increasing x. Refer to the 

List of Symbol8 for other definitions. 
I 

In Eq. (1). Nx and N are the middle surface rtress resultants 
Y 

I 

caused by the static pressure differential Ap. Since the sag 

padfus R is roughly equal to b/2, the heat shield takes on the L 

shape of a half-topus (bisected at the meridian plane). There- 

fore, :he stresses in the heat shield due to the pressure dif- $ 

ferent'ial will be the same as those in an internally pressurized 

torus (or inner tube), which are approximatelyg 

N = ApR 
Y 

The method of solution is to assume a traveling wave solu- 
tion for the normal deflection w(x,y,t) and the Airy Stress 

function $(x,y,t):sg 

"Exact formulas are provided in Dym (1974). The expressions given 
~bcve become exact when the ratio of the sag radius R to the 
circumference of the heat shield vanishes. 

""These expressions imply simply supported boundary conditions 
on w and stress-free boundary conditions on $. 
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!Shese expressions are substituted into Eq. (2) to determine 
A 

9 in terms of G: 

If we now substitute Eq. (4) into Eq. (I), multiply by cos(my/b) 
and Integrate from y = -b/2 to y = +b/2, and finally use Eq. (5) 
to eliminate $, we obtain 

The last term in Eq. (5) contains an integral of the pressure p 
caused by the travelling wave deflection w. In his investigation 

of the flutter of infinitely long flat plates, Dowel1 (1966) re- 

duced this expression to a function F(q) of a single variakle v, 
which he evaluated numerically: 

where 
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The f u n c t i o n  F(q) is def ined  i n  Dowel1 (1966) and i s  d i sp layed  
g r a p h i c a l l y  i n  Fig.  2 o f  Dowel1 (1964).  E q ~ a t i ~ n  ( 7 )  has  been 
used f o r  t h e  aerodynamic p r e s s u r e  on t h e  h e a t  s h i e l d .  This  
amounts t o  assuming t h a t  t h e  r e l a t i o n  between t h e  h e a t  s h i e l d  
motion and t h e  r e s u l t i n g  p r e s s u r e  is  n o t  s u b s t a n t i a l l y  changed 
by t h e  cross-stream c u r v a t u r e  ( h e a t  s h i e l d  s a g ) .  

If Eq. ( 7 )  Is s u b s t i t u t e d  i n t o  Eq. ( 6 ) ,  we o b t a i n  a n  i m -  
p l i c i t  r e l a t i o n s h i p  between t h e  wavespeed c ,  t h e  wavelength 
L Z 2n/a, and t h e  flow v e l o c i t y  U .  Th i s  e q u a t i o n  i s  w r i t t e n  
o u t  below i n  d imensionless  form: 

The fo l lowing  n o t a t i o n  has been in t roduced 

v pb/m 

r E ~ h b ' / ( 2 r ) '  R*D 
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When U" or y is zero, Eq. (9) has two real solutions for 
the dimensionless wavespeed c". Above a certain value of U", 

however, the wavespeeds are complex, and one of the two corresponds '; 

to unstable motion, that is, waves that grow in amplitude. 'The 
value of Us at which c" becomes complex depends on the normalized 

wavelength R/2b; the saa22est value of U" is the one that is 

physically significant, since it corresponds to the initial ap- 

pearance of instability. This value of U" is denoted bg Urr, . . 

and is called the critical or flutter velocity. The correspond- 

ing values of c' and R/2b are denoted by ctr and (11/2b)cr. These 

are the critical or flutter wavespeed and wavelength, respectively. 

In Figs. 3, 6 and 7 of Dowel1 (1966), cEr, (1/2b)cr and Us cr 
are displayed graphically for a f Zat p l a t e  as functions of Mach 

number M and mass ratio y:  

For a flat plate with no pressure differential, Dowel1 
showed that the critical wavelength 'is closely appr~ximated by 

the value which gives the minimum wavespeed in a vacuum (p = 0). 

Setting p = Ap = I' = 0 in Eq. (9), we obtain, for the in vacuo 

wavespeed of a flat plate, 
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I n s p e c t i o n  of t h i s  equa t ion  shows t h a t  t h e  minimum wavespeed i s  

I 'gin I = 1 when L/2b = 1. A s  shown i n  Fig.  6 o f  Dowel1 (.1966), 
2 b C r  i 1 f o r  any v and M ,  and e s p e c i a l l y  f o r  1 > 1 and - 
v e 1 Thus, Dowellts r e s u l t s  f o r  UB (p,M) and c s  (v,M) may c r  c r  
be generol iaed t o  apply  t o  a curved p l a t e  w i t h  a s t a t i c  p r e s s u r e  
d i f f e r e n t i a l  by i n t e r p r e t i n g  them a s  Us /cmin and cEr/cmin, c r  
r e s p e c t i v e l y .  I m p l i c i t  i n  t h i s  g e n e r a l i z a t i o n  i s  t h e  assumption 

t h a t  F ( n )  can be t r e a t e d  a s  a cons tan t  i n  Eq. ( 9 ) .  For tuna te ly ,  
F ( n )  does not  vary r a p i d l y  wi th  t h e  parameters  of i n t e r e s t ,  i .e.,  

p, M, and W2b. 

A s  a r e s u l t  of t h i s  approximation,  F igs .  3 and 7 o f  Dowel1 
(1966) may be  used d i r e c t l y  t o  o b t a i n  U:r/~min and c*  /c c r  min f o r  
a  curved p l a t e  expose? t o  a s t a t i c  p r e s s u r e  d i f f e r e n t i a l .  The 
f l u t t e r  wavelength i s  assumed t o  be t h e  minimum wavespeed i n  a  
vacuum, and the inf luence  of the pressure d i f f e r e n t i a l  and the 

cross-s t ream curvature on the f Zutter ve l o c i  t y  i s  determined 
e n t i r e l y  by t h e i r  e f f s c t  on the minimum w v e s p e e d .  

It remains, t h e r e f o r e ,  t o  c a l c u l a t e  t h e  min1.mam wavespeed 

i n  a vacuum. This  i s  done by s e t t i n g  p = 0 i n  Eq. (?) ,  and 
s o l v i n g  f o r  cs:  
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The dimensional wavespeed c - cot@ obtained from this 
equation irr shown plotted in Fig. 12, using the following values 
POP the dimensions and the mechanical properties of the heat 

shield: 

h = 0.025 cm (0.01 in) 

b = 2.29 cm (0.9 in) 

These values were selected as being representative of the 

several heat shields used in the AEDC tests. They were obtained 

from data supplied by NASA MSFC (see Appendix A). In calculating 

Co and r ,  we assumed that the plate bending stiffness D could be 
approximated by its value for a homogeneous elastic plate, 

in spite of the heat shields1 non-homogtneous construction.* 

This approximation was required because no independent measure- 

ment of D was available. 

In Fig. 12, the in vaeuo wavespeed is shown as a function 
of R/2b for several values of bp. When Ap = 0, there are two 

values of $/2b that provide the same minimum wavespeed. Of 

these, the longer of the two wavelengths I s  found to result in 

the lowest critical velocity U* because F(n) is a monotonically cr' 
decreasing function of n, and larger k/2b means smaZZer q (see 
Eq. [a ] )  and thus l a ~ g s r  F(n) in Eq. (9). By the same reasoning, 

%Some of t he  heat shields were constructed of nylon mesh im- 
pregnated with rubber. 
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F I G .  12.  In-VACVO WAVESPEED I N  3% SCALE HODEL HEAT S H I E L D  
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t h e  l o c a l  minima i n  t h e  wavespeed c  i n  Fig.  12  f o r  which t /2b > 1 
remain c r i t i c a l  a s  Ap is  inc reased .  The c r i t i c a l  wavelength 
(8/2b) is  d i sp layed  i n  Fig .  13 a s  a  f u n c t i o n  o f  Ap. Note t h a t  c r  
i n c ~ e a s i n g  Ap causes  a  r a p i d  decrease i n  t h e  c r i t i c a l  wavelength, 
and a n  i n e ~ e a s e  i n  t h e  c r i t i c a l  wavespeed. 

The f l u t t e r  v e l o c i t i e s  c a l c u l a t e d  a s  desc r ibed  above are 
d i sp layed  i n  Fig .  1 4 .  These f l u t t e r  boundaries  a r e  shown v s .  

Mach number f o r  s e v e r a l  va lues  o f  Ap. The u n s t a b l e  r eg ion  i n  
t h e  f i g u r e  is  t o  t h e  r i g h t  and above t h e s e  curves .  Also shown 
i n  t h e  same f i g u r e  i s  t h e  a l p ,  flow v e l o c i t y  i n  t h e  wind t u n n e l ,  
which opera ted  a t  a  cons tan t  s t a g n a t i o n  tempera ture  o f  311°K 
(560°R). The Mach number on t h e  h o r i z o n t a l  a x i s  i s  t h e  l o c a l  
Mach number over  t h e  f a c e  o f  t h e  hea t  s h i e l d ,  not  t h e  f rees t ream 
o r  test s e c t i o n  Mach number. Reca l l  t h a t  t h e  l o c a l  Mach number 
depends on t h e  ang le  of  a t t a c k ;  a s  t h e  ang le  of a t t a c k  i n c r e a s e s ,  
t h e  l o c a l  Yach number drops  from Ma toward 1 ( s e e  Fig.  8 ) .  
Thus, a t  low ang le  of  a t t a c k  t h e  flow v e l o c i t y  i s  high;  a s  t h e  
ang le  o f  a t t a c k  i n c r e a s e s ,  t h e  flow v e l o c i t y  d e c r e a s e s ,  follow- 
i n g  t h e  wind t u n n e l  curve i n  Fig .  1 4  from r i g h t  t o  l e f t  i n  t h e  
d i r e c t i o n  of dec reas ing  l o c a l  Mach number. Eventual ly ,  a  s t a b i l i t y  
boundary i s  c rossed  and f l u t t e r  i s  suppressed. The l o c a l  Mach 
number at  which t h i s  occurs  i s  shown i n  Fig .  1 5 ,  which i s  merely 
a  cross-p lo t  of  F ig .  14. The ang le  o f  a t t a c k  a t  which t h e  
s t a b i l i t y  boundary i s  crossed  w i l l ,  o f  course ,  depend on t h e  f r e e  
s t ream Mach number i n  accordanbe w i t h  F ig .  8. 

The AEDC tests  were conducted a t  Mm = 2.75 and 3.5. There- 
f o r e ,  F ig .  1 4  i m p l i e s  t h a t  f o r  Ap - < 23,790 ~ / m '  ( 2  p s i ) ,  f l u t t e r  
always occurred  a t  low ang les  of  a t t a c k ,  but  was e v e n t u a l l y  
suppressed a t  h i g h e r  ang les .  A s  we s h a l l  s e e ,  t h i s  conclus ion  
w i l l  be a l t e r e d  when t h e  s t a b i l i t y  boundaries  i n  Fig .  1 4  have 
been ~ ~ o d i f i e d  t o  i n c o r p o r a t e  t h e  high Mach number f l u t t e r  theory .  
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FIG. 13.  CRITICAL WAVELENGTH VS PRESSURE DIFFERENTIAL 
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FIG. 1 4 ,  STABILITY 6 O I l N D A R I L S  FOR 3% SCALE HEAT S M I n D S  
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C r i t i c a l  wavespeeds and f requencies  are shown i n  Figs. 16 

and 17 for Ap - 0 and 13,790 ~ / m ~  (2  p s i ) .  The pressure  d i f -  
f e r e n t i a l  Ap Increases  t h e  c r i t i c a l  wavespeed a t  any given Mach 
nuPaber by t h e  a w e  proport ion that it increases  t h e  i n  vocuo 

wavespeed. The f l u t t e r  frequency Is glven by 

The pressure  d i f f e r e n t i a l  increases  t h e  c r i t i c a l  wavespeed and 
at the  same time decreases t h e  c r i t i c a l  wavelength (see Fig. 12);  

thus,  t h e  frequency is increased by a greater proport ion than 
IS  t h e  wavespeed. 

4.3 High Supersonic Theory 

For PI > 1.5 o r  s o  t h e  assumption of a t r a v e l i n g  wave 
s o l u t i o n  (Eqs. [4]) is  no longer appropr ia te  (Dowel1 and 
Ventres, 1970). However, 2 s t a b i l i t y  boundary based upon t h e  

use o f  p i s t o n  theory aerodynamics and the  assumption t h a t  the  

length  of the  p l a t e  i n  t h e  streamwise d i r e c t i o n  is much greater 

than its width, can be der ived from t h e  theory presented by 
Dowel1 and Ventres (1970). This s t a b i l i t y  boundary was derived 
f o r  rec tacgula r  p l a t e s ,  s o  w e  are r e t a i n i n g  the  concept of an  
equivalent  s t r a i g h t  heat  s h i e l d  as discussed ?reviously.  

The s t a b i l i t y  boundary Is glven below, 

I 
whe-e 8 5 (~ ' - l ) '~ ,  and q 5 1/2 pu2 is ?he l o c a l  dynamic pressure .  
Note that t h e  s t a b i l i t y  boundary is defined i n  terms of t h e  
dynanric p ressure  r e t h e r  than t h e  ve loc i ty  as it was a t  low sbprr- 
sonic  speeds. C r i t i c a l  values of q/B ca lcu la ted  from t h i s  
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F I 6 .  16. CRITICAL WAVESPEED VS LOCAL MACH WURBER 

FOR 3% SCALE HEAT SHIELDS 
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F I 6 .  17. C R I T I C A L  MAWELENGTH WS LOCAL MACH NUMBER FOR 3% 

SCALE HEAT S H I E L D S  
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U equat ion f o r  s e v e r a l  values  of  Ap are shown i n  Table 3 .  The 

mechanical p rope r t i e s  l isted on page 30 were used f o r  t h e  corn- 
pu ta t ions .  

TABLE 3. (qlOItlutter V S .  AP 04 2 1-51 

AP (""flutter 

0 0.139 kN/m2 (.0201 p s i )  

7 kN/m2 ( l p s i )  7.93 k ~ / r n ~  (1.15 PSI) 

1 3 . 8 . k ~ / m ~  (2 p s i )  13.9 kN/m2 (3.08 p s i )  

27.6 k~/m' (4 p s i )  58.5 kN/m2 (8.49 p s i )  

I n  Figs.  18 and 19, s t a b i l i t y  boundaries f o r  M- = 2.75 and 

! 3.5 are displayed along w i t h  t h e  range of l o c a l  q/B encountered 
a t  each angle of a t t ack .  The unstable  regime i s  toward t h e  top  
of  each f igu re ,  i . e . ,  (q/B)local ' ( q / B ) f l u t t e r -  During t h e  
tests, t h e  tunne l  dynamic pressure  was var ied a t  constant  M- by 

changing t h e  tunne l  t o t a l  p ressure  p . The dashed curves i n  
0 

both f i g u r e s  a r e  t h e  values  of q i S  t h a t  corresponcl t o  t he  maximum 
and minimum tunne l  s tagna t ion  pressures  used a t  each t e s t  s ec t ion  
Mach number. These dashed curges a r e  terminated a t  t h e  angle  of  
a t t a c k  where t h e  l o c a l  Mach number dropped t o  1.5. Below t h i s  

I Mach number, o r  a l t e r n a t i v e l y ,  above t h e  corresponding angle of  

n a t t a c k ,  t h e  s t a b i l i t y  boundaries do not apply, and t h e  low 
supersonic theory must be used ins tead .  

Both f i g u r e s  show t h a t  f l u t t e r  i s  suppressed by a pressure  
d i f f e r e n t i a l  of  28 k ~ / m '  ( 4  p s i )  a t  a l l  tunnel  s tagna t ion  pres-  

n sures ,  except f o r  a small range of  ang les  near 120° a t  Ma = 3.5. 
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F16. 18. FLUTTER DYNAMIC PRESSIIRE FOR 3% SCALE HEAT 
S H I E L D S ,  M,,, = 2 .75  
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&MU O f  AT TACK ( Cegrees ) 

FIG. 19. FLUTTER DYWAPlIC PRESSURE FUR 3% SCALE HEAT 

SHIELDS, Wm = 3 .50  
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The s t a b i l i z i n g  e f f e c t  o f  Ap is  much more pronounced a t  h igh  

Mach numbers t h a n  a t  t h e  lower  speeds .  

I n  F i g s .  20 and 21  are shown composi te  c u r v e s ,  f o r  Mm = 2 . 7 5  
and M = 3.5, which i n c o r p o r a t e  b o t h  t h e  low and h igh  Mach numbe: 

(P 

s t a b l l i t y  bounda r i e s .  They are p l o t t e d  as f l u t t e r  v e l o c i t y  v s .  

l o c a l  Mach number. Curves are shown f o r  Ap = 0 and Ap = 7 k ~ / m ~  

( 1  p s i ) .  The s t a b i l i t y  bounda r i e s  f o r  each  v a l u e  o f  Ap b i f u r c a t e  

a t  M = 1.5; as e x p l a i n e d  p r e v i o u s l y ,  above t h a t  Mach number f l u t t e r  

o c c u r s  a t  c o n s t a n t  q/B r a t h e r  t h a n  c o n s t a n t  v e l o c i t y .  The dashed 

p o r t i o n s  o f  each  cu rve  are ske t ched  i n  t o  p r o v i d e  smooth t r a n s i -  

t i o n s  between t h e  two Mach number reg imes .  Also shown i n  b o t h  

f i g u r e s  is t h e  wind t u n n e l  f low v e l o c i t y  v s .  l o c a l  Mach number. 

F l u t t e r  is i n d i c a t e d  whenever t h e  w i t ~ d  t u n n e l  curve  l i e s  abcve 

t h e  a p p r o p r i a t e  s t a b i l i t y  boundary. 

Each f i g u r e  i s  f o r  a s p e c i f i c  test  s e c t i o n  Mach number; t h e  

l o c a l  Mach number o v e r  t h e  f a c e  o f  t h e  h e a t  s h i e l d  v a r i e s  as t h e  

a n g l e  o f  a t t a c k  changes.  Kote t h a t  a t  b o t h  Mm = 2.75 and 

M = 3.5, a p r e s s u r e  d i f f e r e n t i a l  o f  7 k ~ / r n ~  (1 p s i )  s u p p r e s s e s  
OD 

f l u t t e r  o v e r  a l l  b u t  E very  l i m i t e d  r ange  o f  l o c a l  Mach numbers 

when t h e  t u n n e l  i s  o p e r a t e d  a t  reduced t o t a l  p r e s s u r e .  La rge r  

Apls  would have t h e  same e f f e c t  a t  h i g h e r  t u n n e l  t o t a l  p r e s s u r e s .  

S i n c e  l o c a l  Mach number i s  r e l a t e d  t o  a n g l e  o f  a t t a c k  ( r e c a l l  

F ig .  8) ,  f l u t t e r  o c c u r s  ove r  on ly  a l i m i t e d  range o f  a n g l e  o f  

a t t a c k  a s  well. A t  b o t h  Mw = 2.75 and 3.5,  f l u t t e r  o c c u r s  when 

t h e  loca: Mach number is  between 1 . 3  and 2.  Prom F i g .  8 ,  t h e  

co r r e spond ing  r anges  o f  a n g l e  o f  a t t a c k  a r e  107' < a < 118O a t  

Map = 2.75, and 116" < a < 1260 a t  M = 3.5. 
m 

Both o f  t h e s e  r anges  

a g r e e  f a i r l y  w e l l  w i t h  t h e  a n g l e s  o v e r  which t h e  h i g h e s t  f l u c t u a t -  

i n g  p r e s s u r e  l e v e l s  were r eco rded  i n  t h e  AECC t e s t s .  The n o i s e  

s p e c t r a  measured a t  t h e s e  a n g l e s  show a  pronounced low f requency  

c o n t e n t  (below 500 Hz) t h a t  can  r ea sonab ly  be a t t r i b u t e d  t o  t h e  
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FIG. 2 1 .  C O M P O S I T E  S T A B I L I T Y  B O U N D A R I E S  F O R  3% S C A L E  H E A T  
S H I E L Q S ,  M  = 3.50  
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1 . ;  h e a t  s h i e l d  o s c i l l a t i o n  frequency and i t s  over tones .  In  t h i s  
r e s p e c t ,  t h e r e f o r e ,  t h e  theory  c o r r e l a t e s  well w i t h  t h e  e x p s r i -  

i [ :  ment . 
i .  
f The c r i t l c a l  Mach number range,  where f l u t t e r  i s  most l i k e l y  

/ 1 t o  occur ,  l i e s  a t  t h e  t r a n s i t i o n  between t h e  low and h igh super- 
! .  

s o n i c  regimes ( t h e  dashed p o r t i o n  o f  t h e  f l u t t e r  boundaries  i n  
I 
i 1 Figs .  20 and 21) .  A s i n g l e  f i u t t e r  theory ,  v a l i d  f o r  a l l  super-  
; [ .  s o n i c  Mach numbers, would be t h e r e f o r e  h ighly  d e s i r a b l e .  Such 
I 
r i  a theory  was not  a t tempted,  however, because of  t h e  numerical  
! 1 I 1.- compl ica t ions  involved.  The s i m p l i f i e d  low and high Mach number 
i t h e o r i e s  presented  i n  S e c t i o n s  4 .2  and 4 . 3  a r e  adequate t o  e x p l a i n  

t h e  wind t u n n e l  d a t a  and t a  provide  guidance f o r  improving t h e  
I 
! des ign o f  t h e  f u l l  s c a l e  SRB hea t  s h i e l d .  
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5 .  FULL SCALE SRB HEAT SHIELD: REQUIREMENTS FOR FLUTTER PRE- 

VENTION AND PROPOSED DESIGN MODIFICATIONS 

5 . 1  P r e s e n t  Meat S h i e l d  Design 

The SRB h e a t  s h i e l d  c o n s i s t s  o f  24 segments l a c e d  t o g e t h e r  
a l o n g  t h e  radial edges  t o  form a  complete  annu lus .  The h e a t  

s h i e l d  i s  a t t a c h e d  t o  t h e  n o z z l e  on t h e  i n n e r  p e r i m e t e r  and t o  
t h e  a f t  s k i r t  on t h e  o u t e r  p e r i m e t e r .  The segments a r e  s i z e d  
s o  t h a t  each  assumes a s a g  r a d i u s  o f  37.3 cm (14 ,7  i n ) ,  

The segments are made up o f  t h r e e  l a y e r s  of m a t e r i a l ,  sewn 
t o g e t h e r  i n  a s q u a r e  q u i l t  p a t t e r n .  The o u t t ~ m o s t  l a y e r  i s  

h e a t  r e s i s t a n t  #581 A s t r o q u a r t z  woven c l o t h ,  and t h e  i n n e r  l a y e r  
i s  #1582 F i b e r g l a s s .  Between t h e s e  i s  sandwiched a l a y e r  o f  
F i b e r f r a x  i n s u l a t i o n .  Most o f  t h e  e t r e n g t h  o f  t h e  h e a t  s h i e l d  
d e r i v e s  from t h e  i n n e r  and o u t e r  l a y e r s .  

The s u r f a c e  mass d e n s i t y  of  t h e  h e a t  s h i e l d  i s  about  1 .88 
kg/m2 (0 .012 s l u g s / f t 2 ) .  ~ 1 1  o t h e r  mechanical  p r o p e r t i e s  o f  t h e  
h e a t  s h i e l d  b e a r i n g  on i t s  a e r o e l a s t i c  s t a b i l i t y  a r e  unknown. 

For  most pu rposes ,  t h e  ']eat s h i e l d  i s  a  l imp membrane-like 
s t r u c t u r e .  With r e g a r d  t o  f l ~ t t e r  however, i t s  bending s t i f f -  

n e s s ,  however s m a l l ,  i s  o f  c r u c i a l  impor tance .*  The bending  
s t i f f n e s s  o f  a homogeneous e l a s t i c  p l a t e  i s  r e l a t e d  t o  t h e  
Young's Modulus and t o  t h e  t h i c k n e s s  h  by t h e  f a m i l i a r  formula  

D = ~ h ~ / 1 2 ( 1 - v * ) .  The h e a t  s h i e l d ,  hcwever,  i s  b u i l t  up of  
t h r e e  d i f f e r e n t  m a t e r i a l s  and  because c f  i t s  q u i l t e d  c o n s t r u c -  
t i o n ,  t h e  t h i c k n e s s  h  i s  n o t  c o n s t a n t .  Thus, D must b e  d e t e r -  
mined by exper iment .  

@The bending  s t i f f n e s s  D a p p e a r s  i m p l i c i t l y  i n  E a .  ( 9 ) ,  which 
de t e rmines  t h e  f l u t t e r  v e l o c i t y  a t  low s u p e r s o n i c  Mach numbers, 
and e x p l i c i t l y  i n  Eq.  (131,  which de t e rmines  t h e  f l u t t e r  dynamic 
p r e s s u r e  a t  h i g n  s u p e r s o n i c  Mach numbers. 
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Also significant with regard to flutter is the ratio be- 

tween in-plane tensicn and in-plane strain. For a homogeneous 

plate this ratio is Eh. For the fabric heat shield, whereas the 

product Eh has the same physical significance, E and h are not 
separately defined. Eh also must be determl~ed by experiment. 

Because the bending stiffness of the full scale heat shield 

is unknown, we were not able to calculate flutter boundaries 

analogous to those presentee in Sec. 3 for the model heat shields. 
Instead we have calculated, using the same theory, t h e  bending 

s t i f f n e s s  r e q u i r e d  t o  p ~ e o e n t  f l u t t e r  d u r i n g  r e e n t r y .  The PUT- 

pose here is to establish whether or not the heat shield as 

presently conceived may reasonably be expected to have the 
required stiffness. The conclusion reached is that it cannot. 

5 . 1 . 1  S t i f f n e s s  Requ i red  t o  Pt .event F l u t t e r  a t  
Low Supersonic  Speeds 

In Fig. 22 is shown the minimum havespeed i n  vacuo for the 

full scale heat shield. The parameter in the figure is the in- 

plane stiffness Eh. These curves were calculated from Eq. (12), 
using b = 76.2 cm (30 in.) and m = 1.88 kg/m2 (0.012 slugsift2). 

The in-plane stiffness increases the wavespeed by virtce of the 

added hc 2 stiffness due to the cross-stream curvature R. The 

increase in wavespeed is only 50% when Eh increases from 0 to 
17500 kN/m (1051b/in.). 

The local flow velocity over the heat shield during reentry 
is displayed in Fig. 23 for several values of freestream or re- 

entry Mach number. For all ZocaZ Mach numbers, the highest 

ZocaZ velocity is encountered when the reentry Mach number is 

3.5. Assuming MI,cal = 1.5 (the highest Mach number at which 
the low Mach number theory is accurate), we obtain U = 640 m/sec 

(2100 ft/sec). 
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F I G .  2 2 .  IN-VACUO W A V E S P E E D  I N  S R B  H E A T  S H I E L D  V S  B E N D I N G  
S T I F F N E S S  
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LOCAL MACH NUMBER 

F I 6 .  23 F L U I D  VELOCITY OVER HEAT S H I E L D  DURIWG REENTRY 
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I n  Pi@. 24 is shown t h e  matiawn l o c a l  dens i ty  encountered 
dur ing reen t ry ,  d isplayed as a func t ion  o f  t h e  l o c a l  Mach number. 

At ' local ' '-5, P loca l  = 0.618 kg/a3 (1.2 lo-) s l u g s / f t 3 ) ,  s o  
t he  de3s i ty  parameter N f o r  t h e  heat  s h i e l d  is  

From Fig. 7 of  Dowel1 (1966), using M = 1.5 and p = 0.25, 
we obta in  f o r  the  c r i t i c a l  flow ve loc i ty  

so lv ing  f o r  c ~ , ,  and using Ucr - 640 m/sec as ca lcu la ted  above, 
we ge t  

C min = 268 m/sec (880 f t / s e c )  

From Fig,  22, t h e  requlred s t i f f n e s s  is ,  assuming Eh = 0, 

D = 1980 N*m (1460 f t - l b )  

If we assume Eh = 17506 kN/m ( l o 5  l b / i n ) ,  w e  ge t  

D = 362 N - m  (267 f t - l b )  
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LOCAL MACH NUMBER 

F I G .  24 .  MAXIMUM LQCAL F L U I D  DENSITY DURING REENTRY 
VS LQCAL MACH NUMBER 

5 1  
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5.1.2 S t i f f n e s s  Required t o  Prevent F l u t t e r  a t  High 
Supersonic Speeds 

For M L 1.5, t h e  s t a b i l i t y  boundary i s  given by Eq. 13. 
This  equa t ion  c o n t a i n s  (q/B)local r a t h e r  t h a n  UloCal. I n  25 

Eq. 1 3  is p l o t t e d  as q/B vs. D for Ap = 0 and 28 k~/m'  ( 4  p s i ) .  

Note t h a t ,  when Ap > 0, one can suppress  f l u t c e r  by decreasing 
t h e  bending s t i f f n e s s  D. T h i s  is not  p o s s i b l e  when Ap = 0, how- 
ever ,  and ls not  p o s s i b l e  f o r  any Ap a t  lo*  supersonic  Mach 
numbers. Making %he h e a t  s h i e l d  more f l e x i b l e  is  n o t ,  t h e r e f o r e ,  
a f e a s i b l e  f l u t t e r  " f ix ."  

F igure  26 d i s p l a y s  t h e  maximum va lue  o f  (q/8)local encoun- 
t e r e d  dur ing  r e e n t r y  as s f u n c t i o n  o f  r e e n t r y  Mach number. (At 
a l l  r e e n t r y  Mach numbers, t h i s  maximum o c c u ~ s  a t  t h e  a n g l e  of 

a t t a c k  a t  which Mlocal = 1.5.)  The peak va lue  of (q/8)1,ca1 is, 

from t h e  f i g u r e ,  

From Fig. 2 5 ,  assuming c o n s e r v a t i v e l y  t h a t  Ap = 0,  t h e  

r e q u i r e d  bending s t i f f n e s s  is 

This  r e q u i r e d  s t i f f n e s s  i s  greater t h a n  e i t h e r  of t h e  va lues  
c a l c u l a t e d  f o r  Mlocal - < 1.5, s o  It i s  t h e  c o n t r o l l i n g  s t i f f n e s s  
requirement  f o r  p reven t ion  of f l u t t e r  dur ing  r e e n t r y .  

To express  t h i s  bending s t i f f n e s s  requirement i n  more easily 

comprehensible terns, we have c a l c u l a t e d  t h e  t h i c k n e s s  of a  
homogeneous aluminum p l a t e  having t h i s  bending s t i f f n e s s .  A s -  

suming f o r  aluminum E = 6.9 * l o 7  k ~ / m ~  ( l o 7  p s i ) ,  t h e  th ick-  
ness  i s  
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REENTRY MACH NUMBER 

FI6. 26. M A X I M U M  LOCAL VALUE OF q / B  D U R I N G  REENTRY 
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= 0.710 cm (0.28 i n )  

This  is a  s u b s t a n t i a l  th ickness .  The estimate of  s t i f f n e s s  re- 
qu i red  is  expected t o  be somewhat conse rva t ive ,  because i n  de- 
r i v i n g  Eq. 13,  aerodynamic damping was neg lec ted  ( i . e . ,  = 0)  , 
whereas i n  f a c t ,  v = 0.25. 

Never the less ,  t h e  f a b r i c  h e a t  s h i e l d  cannot be expected t o  

be as stiff as a n  aluminum p l a t e  0.710 cm t h i c k .  A s  a r e s u l t ,  
w e  p r e d i c t  t h a t  t h e  hea t  s h i e l d  w i l l  f l u t t e r  dur ing  r e e n t r y .  

5 . 2  Concepts f o r  F l u t t e r  Suppression 

The 3% s c a l e  model s t u d i e s  (both theory  and experiment)  sug- 
gest t h a t  a s t a t i c  p re - su re  d i f f e r e n t i a l  o r  o t h e r  means o f  
i n t r o d u c i n g  in-plane  t e n s i o n  i n t o  t h e  hea t  s h i e l d  is b e n e f i c i a l  
i n  suppress ing  f l u t t e r .  The theory  a l s o  sugges t s  t h a t  inc reas -  
i n g  t h e  bending s t i f f n e s s  i s  h e l p f u l  a t  both  low and h i g h  Mach 
numbers. Because o f  t h e  requirement t h a t  t h e  rocke t  nozz le  be 
swiveled dur ing  a s c e n t ,  t h e  amount of  r a d i a l  s t i f f n e s s  t h a t  can 
be al lowed is  l i m i t e d .  We a r e  l e d ,  t h e r e f o r e ,  t o  cons ide r  
o r t h o t r o p i c  s t r u c t u r e s  wi th  g r e a t e r  c i r c u m f e r e n t i a l  than  r a d i a l  
bending s t i f f n e s s .  A l l  t h e  f l u t t e r  suppress ion  concepts  t h a t  
have been cons idered  t o  d a t e  i n c l u d e  one o r  both o f  t h e s e  two 
i n g r e d i e n t s  ( i . e . ,  in-plane t e n s i o n  and o r t h o t r o p i c  bending 
s t i f f n e s s )  i n  some form o r  o t h e r .  Before d i s c u s s i n g  s p e c i f i c  
des igns ,  we w i l l  o u t l i n e  b r i e f l y  t h e  modi f i ca t ions  r e q u i r e d  I n  
t h e  low and high Mach number t h e o r i e s  t o  handle o r t h o t r o p i c  
bending s t i f f n e s s  (bo th  t h e o r i e s  a l r e a d y  i n c o r p o r a t e  Ap). 
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A l l  t h a t  i s  r e q u i r e d  at  low Mach numbers i s  t o  modify Eq. 12 

'Or 'min t o  inc lude  o r t h o t r o p i c  bending s t i f f n e s s .  The aero-  
dynamic theory  remains unchanged. In t roduc ing  Dx and D a s  t h e  Y 
c i r c u m f e r e n t i a l  and r a d i a l  bending s t i f f n e s s e s ,  t h e  square  of  
t h e  minimum wavespeed becomes 

D '/a 
C f  * 2 v l =  X 

min mb ' 
By s u i t a b l e  choices  of  D,, D and Nx, N (which may be 

Y Y 
in t roduced by a  p r e s s u r e  d i f f e r e n t i a l  o r  by o t h e r  means), one 

can make c ~ , ~  
* 

s u f f i c i e n t l y  large t o  prevent  f l u t t e r .  An app l i ca -  
t i o n  o f  t h i s  formula t o  a s p e c i f i c  des ign  concept is  d i scussed  
i n  Appendix B. 

The high Mach number theory  (Mlocal > 1.5)  i s  based on t h e  
low aspec t  r a t i o  ( l a r g e  length/width r a t i o )  f la t  p l a t e  theory  
presented  i n  Dowel1 and Ventres  (1970).  This  can e a s i l y  be 
extended t o  inc lude  Dx, D Nx and N by changing t h e  d e f i n i t i o n s  

Y '  Y 
of c e r t a i n  terms i n  t h e  equa t ions  p resen ted  t h e r e .  

i 
I 
! 5.3 Proposed Design Modi F i c a t i o n s  
i : j 
i 
i Desirl concepts  cons idered  s o  f a r ,  as w e l l  a s  o t h e r s  recom- 
j 
I mended as dese rv ing  a d d i t i o n a l  s tudy a r e  l i s t e d  below, a long 
1 with  comments where a p p r o p r i a t e .  
i 

( 1 )  P r e s e ~ t  Heat S h i e l d  With In-Plane Tens ion  

1 The requirement t h a t  t h e  hea t  s h i e l d  de tach  f r o n  t h e  a f t  
s k i r t  a t  water impact p r e s e n t l y  l i m i t s  t h e  maximum accep tab le  
in-place t e n s i o n  t o  t h e  equ iva len t  of 2 k ~ / m ~  (0.3  p s i ) .  Unless  
t h i s  l i m i t a t i o n  is  removed (as, f o r  exampel, by us ing  pyro techn ics  
t o  a c t i v e l y  s e v e r  t h e  h e a t  s h i e l d  p r i o r  t o  splash-down), in-p lace  
t e n s i o n ,  by I tself ,  does not  merit f u r t h e r  c o n s i d e r a t i o n .  

56 

. '  .. 4 P  -- -.- - . 1 . * --- ----- 
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(21 P ~ e e e n t  Heat Sh i r td  With In-Ptane Tansion and Circumfersnt ia t  
S t i f f n e s e  v5a  C i ~ a u m f e ~ e n t i a t  aoopo 

S e t t i n g  D - 0 i n  Eq. (14)  ( z e r o  r a d i a l  s t i f f n e s s ) ,  we o b t a i n  
Y 

This  equa t ion  has  been incorpora ted  i n t o  a  des ign  procedure 
(see Appendix B) f o r  s e l e c t i n g  t h e  r e q u i r e d  s t i f f n e s s  D and in-  

X 
plane  t e n s i o n s  N N (expressed  as an e q u i v a l e n t  A ? ) .  The 

X'  Y 
r e q u i r e d  t e n s i o n  i s  a p p a r e n t l y  l a r g e r  than  d e s i r a b l e  from a  
s t r u c t u r a l  s t a n d p o i n t ,  bu t  on t h e  o t h e r  hand, t h e  theory  used 
t o  e s t a b l i s h  t h e  r e q u i r e d  t e n s i o n  may be q u i t e  conse rva t ive .  
This  concept deserves  f u r t h e r  cons ide ra t ion .  

(3) Present Beat Shield W i t h  Orthotropic  Bending S t i f f n e s s  i n  

Both Radial and Circumferential  Direc t ions  v i a  Circumferential  

Hoops and Radial S tays  

The governing equa t ion  f o r  t h e  wavespeed i s  Eq. (14) .  No 
d e t a i l e d  c a l c u l a t i o n s  have been made a s  y e t ,  but  i t  is  apparent  
t h a t  some t e n s i o n  must be r e t a i n e d  i n  t h e  f a b r i c  t o  prevent  
f l u t t ? r  of  t h e  f a b r i c  between t h e  s t i f f e n i n g  members. 

( 4 )  #onao;2uentional S t ruc tures ,  Such as  an  "Inner Tube" 

Placed aeneath the F a b ~ i c  Heat Shield 

The p r e s s u r e  r e q u i r e d  t o  s t a b i l i z e  t h e  hea t  s h i e l d  w i l l  be 
q u i t e  h igh ,  e s p e c i a l l y  i f  t h e  h e a t  s h i e l d  i s  bulged outward dur ing  
r e e n t r y ,  Thus, t h e  " inner  tube" may have t o  be i n f l a t e d  ( o r  t h e  
p r e s s u r e  i n c r e a s e d )  a f t e r  t h e  SRB s e p a r a t e s  from t h e  S h u t t l e  
O r b i t e r .  The mechanical arrangement must be such t h a t  t e n s i o n  
is  induced i n  t h e  hea t  s h i e l d  i t se l f  (no t  merely i n  t h e  i n n e r  
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tube) to prevent 'local flutterw of' the heat shield (i.e., flap- 
ping against the wall of the inner tube). 

This concept requires further study. Bulging the heat 

shield outward introduces an additional unknown aspect to the 

problem, because the local flow field will no longer closely 
resemble that encountered in the wind tunnel tests completed 

so far. 
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6 .  RECOMMENDED PROGRAM OF EXPERIMENTS 

I n  t h i s  s e c t i o n ,  w e  o u t l i n e  a  program o f  v i b r a t i o n  t e s t s  and wind 
tunne l  tests t h a t  a r e  r e q u i r e d  t o  determine how t h e  heat  s h i e l d  
can be modified t o  avoid  f l u t t e r  dur ing  r e e n t r y .  These exper i -  
ments are needed because t h e  theory ,  by i t s e l f ,  does not  a f f o r d  
an  accep tab le  l e v e l  of conf'dence i n  de termining whsther o r  no t  
a  s p e c i f i c  hea t  s h i e l d  des ign  w i l l  f l u t t e r .  The theory  does,  
however, provide  va luab le  i n s i g h t  i n t o  t h e  mechanism o f  t h e  in-  
s t a b i l i t y ,  and helps  t o i d e n t i f y  promising f l u t t e r  suppress ion  
concepts .  

A d e t a i l e d  proposal  f o r  wind t u n n e l  a e r o e l a s t i c  tests  a t  
6% s c a l e  has  a l r e a d y  been submit ted t o  XASA MSFC.$ I n  t h i s  

F s e c t i o n ,  t h e r e f o r e ,  on ly  s a l i e n t  f e a t u r e s  o f  t h e  proposed program 
w i l l  be d i scussed .  

. . 

6 . 1  A e r o e l a s t i c  S c a l i n g  P a r a m e t e r s  i l 
! I .  

r A formal  a n a l y s i s  o f  t h e  hea t  s h i e l d  f o r  t h e  purpose of 
i d e n t i f y i n g  s c a l i n g  parameters  f o r  a e r o e l a s t i c  and a c o u s t i c  t e s t s  
has been c a r r i e d  o u t ,  and i s  r e p o r t e d i n  Volume I1 of t h i s  r e p o r t .  

i The a p p r o p r i a t e  s c a l i n g  parameters  a l s o  appear ,  of  course ,  i n  t h e  

; I .  f l u t t e r  theory  p resen ted  i n  S e c t i o n  4 .  The s c a l i n g  parameters  
i a r e  l i s t e d  below (L deno tes  a  t y p i c a l  l e n g t h ) .  1 .  

I I The s i g n i f i c a n c e  o f  each a s  r e g a r d s  t h e  des ign  ana t o n s t r u c -  

t i o n  o f  an  a e r o e l a s t i c a l l y  sca led  model and t h e  conduct c f  t h e  
wind t u n n e l  t e s t s  w i l l  be  d iscussed i n  t u r n .  

I ' SBBN Proposal  Number P77-NCT-70, Nov. 1976, r e v i s e d  Feb, 1977, 
a s  P77-NCT-70a. j / 
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M is the Mach number of the flow over the face of the heat 
shield. According to the wedge flow analogy discussed in 

Section 2, the local Mach number is the same at all points on 

the heat shield, and is related to the free stream (reentry or 

wind tunnel test section) Mach number as shown in Fig. 8. How- 

ever, this model of the flow adjacent to the heat shield is 

supported by a limited amount of data, and is in any event a 

simplification of the situation that actually exists. To model 

the flow field arnurately, the wind tunnel tests should be con- 

ducted by mounting the aeroelastically scaled heat shield models 

on a geometrically scaled model of the entire aft end of the SRB. 

E ~ L ~ / D  is a ratio of two structural parameters of the heat 

shield, the in-plane stiffness Eh and the bending stiffness D. 

This parameter is not very important in determining the stability 

of the present heat shield design (see Section 5.1.1), but might 

become significant if the design were modified substantially. 

In any event, EhL2/D can be hatshed between model and full scale 

by proper selection of the material of which the model is con- 

structed. 

N,L~/D and N L~;D are the in-plane tension loading parameters. 
Y 

In-plane tension can be introduced by imposing a pressure differen- 

tial Ap across the heat shield, or by mechanical means. If the 

tension is solely due to Ap then Nx = ApR/2, end N = hpR, where R 
Y 

is the sag radius. In this situation, the two parameters reduce 

to one. Because R - L, we may write this one parameter as A ~ L ~ / D .  

In a wind tunnel test, Ap can be set at any desired value by con- 
trolling the pressure within the cavity behind the heat shield. 

If Nx and/or N are inttBoduced by mechanical means at full scale, 
Y 

similar methods may be used In the model. Thus, these parameters 

impose no conceptual difficulty in scaling. 

The remaining two scaling parameters, q ~ 3 / ~  and pL/m, deter- 

mine the bending stiffness and surface mass density required of 
the model heat shield. Because most wind tunnels operate at a 
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fixed total temperature, the test section flow density ;.:. 
dynamic pressure cannot be separately controlled. Therefore, 

while both of these parameters can be scaled at any single test 

8ection Mach number by appropriate choices for D and m, different 
values of D and m will be required at other Mach numbers. In con- 

sequence, perfect aeroelastic scaling is not possible at all Mach - 
numbers. The heat shield models can be constructed, however, so 

as to make the scaling conservative (i.e. so as to decrease'the 

dynamic pressure at which the model flutters). Theory indicates 

that the dynamic pressure at which flutter occurs gene2ally in- 

creases as the parameter pL/m increases. Conservative scaling 

would be achieved, therefore, if (pL/m)model - < (pL'm)full sca le  

at all test section Mach numbers. 

6 . 2  V i b r a t i o n  T e s t s  

A series of vibration tests on both the scale model heat 
shields and on the full scale heat shield are recommended prior 

tc wind tunnel entry. Such tests are recommended in NASA Space 
Vehicle Design Criteria Docu~ent on Panel Flutter, NASA SP-8004. 

The purpose of these tests is to verify that the wind tunnel model 

is dynamically similar to the full scale article, and to verify 

that the theoretical flutter model adequately represents the 

in-vacuo vibration behavior of both the model and the full scale 

structure. 

These tests will be carried out by shaking the heat shield 

locally at various frequencies, and measuring the amplitude and 

speed of the waves that propagate around the znnulus. If a ccm- 

plete full scale heat shield (24 segments) is not available, 

meaningful results could probably be achieved with only 4 or 5 
segments. 
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The wind t u n n e l  t es t s  shou ld  be conducted a t  t e s t  s e c t i o n  
Mach numbers between 2 and 3.5, because  t h i s  i s  t h t  most c n l t i c s l  

r ange  w i t h  r e g a r d  t o  f l u t t e r .  A r a n g e  of dynamic p r e s s u r e s  shou ld  

be employed, w i t h  t h e  s c a l e d  maximum dynamic p r e s s u r e  r e a c h i n g  o r  

exceed ing  a l e v e l  50% g r e a t e r  t h a n  t h e  naximum l e v e l s  a n t i c i p a t e d  

d u r i n g  r e e n t r y  ( F i g .  2 ) .  The . ~ g l e  o f  a t t a c k  r a n g e  shou ld  a l s o  

encompass t h e  r ange  expec t ed  d u r i n g  r e e n t r y  ( F i g .  3 ) ,  bu t  t i l e  
h i g h e s t  p r i o r i t y  shou ld  be  a s s i g n e d  t o  t h o s e  a n g l e s  a t  nact  t e s t  

s e c t i o n  Mach number a t  whtch t h e  l o c a l  Kach number o v e r  +.ie h e a t  
s h i e l d  i s  between 1 and 2 .  

T e s t i n g  a  r i g i d  h e a t  s h i e l d ,  i n s c r u m ~ n t e d  : ,r t l ~ ?  measure- 
ment o f  l o c a l  v e l o c i t i e s  and p r e s s u r e s ,  o v e r  t h e  e n t i r e  r ange  o f  

Mach numbers and a n g l e s  o f  a t t a c k  would c l a r i f y  t h e  d e t a i l s  o f  

:he f low f i e l d ,  and would f a c ! l i t a t e  comparisons  between t h e o r y  
and exper iment  f o r  t h e  a e r o e . l a s t i c  t e s t s  tq f o l l o w .  

It would be d e s i r a b l e ,  b u t  no t  a b s o l u t e l y  e s s e n t i a l ,  t o  

p r o v i d e  means f o r  v a r y i n g  t h e  angle of  a t t a c k  be tween  90G 

and 180° wi thout  s h u t t i n g  down t h e  t u n n e l .  T h i s  wo~i ld  a l l o w  

t h e  t u n n e l  t o  be  s t a r t e d  a t  a reduced  dynamic p r e s s u r e  w i th  t h e  

z n g l e  o f  a t t a c k  s e t  a t  180° ( h e a t  s h i e l d  f a c i n g  t h e  f l o x j ,  where 
f l u t t e r  i s  n o t  a n t i c i p a t e d .  Two t e s t  p rocedure s  a r e  t h e n  p o s s i -  

b l e .  The model can  be r o t a t e d  t o  t h e  d e s i r e d  a n g i e  o f  a t $ a c % ,  

and t h e n  t h e  dynamic p r e s s u r e  i n c r e a s e d  u n t i l  f l u t t e r  i s  encoun- 
r e r e d , o r  u n t i l  qmax i s  r eac \ ed .  T h i s  p rocedure  would a s s u r e  t h a t  

t h e  f l u t t e r  boundary i s  encoun te red  on ly  o n c e .  A l t e r n a t i v e l y ,  
t h e  dynamic p r e s s u r e  can  f i r s t  be  r a i s e d  t o  t h e  d e s i r e d  vall .e,  

and t h e n  t h e  model can  be  r o t a t e d  t h rough  t h e  d e s i r e d  a n g l e  o f  

a t t a c k  r a n g e .  Depending upon t h e  h e a t  s h i e l d  Zes ign ,  twc f l u t t t r  

bounda r i e s  may be  encoun te red ,  one where f l u t t e r  commences, 
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another where flutter ceases. This is because the loccl Mach 

number passes through the most critical range 1 6 MloCal < 2)  at 

intemediate values of' o (see Figs. 8, 20, and 211, 

;4easuring the motion of the model hsat shields presents some 

difficulty, because the amplitude of the expectec! oscillations are 
on the order of the width of the annulus, and the heat shields 

will be very light in weight. An optical sensing system that 

adds no mass wh8:soever to the heat shield is described In the 

proposal. iIlgh speed films will be useful in studyi~g the 

details of the oscillations, as they were in the AEDC tests. Other 

instrumentation for measuring flow velocity and dynamic pressure 

will be conventional. 

Several flutter suppression concepts should be tested, 

although not all need be tested over the entire range of M, q, 

and a. F~rtheremore, three versions of each "fix" should be 

constructed and tested. These will have graduated levels of struc- 

tural stiffness (or some other key parameter, such as Internal 

pressure in the case of the inflated "inner tube" concept). This 

procedure will mak it possible to interpolate or extrapolate the 

data to determine the stiffness level required to suppress flutter 

during reentry. The three levels of stiffness need not,correspond 

to values that would be acceptable in full scale; it would be more 

iqformative to discover the actual stiffness required to prevent 

flutter, even though this level be unacceptable on other grounds, 

than to complete the test program without having tested a flutter- 

free heat shield. 
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The oscillations observed in the AEDC wind tunnel tects on 
a 3% scale model of the Shd have been traced to aeroelastic in- 

stability of the heat shield. A flutter theory based on a sim- 

plified geomztrical model of the annular heat shield shows 

relatively good agreement with experiment as to the frequency, 

wavelength and wavespeed of the oscillations, and the range of 

angles of attack at which the oscillations are most severe. 

It was not possible to apply the same theory directly to the 

full scale SRB heat shield to determine whether or not it would 
flutter during reentry, because the requisite mechanical properties 

of the heat shield are not known. Instead, the bending stiffness 

required to prevent flutter was calculated. This stiffqess was 

foa:.nd to be far greater than the fabric heat sh:eld could possib- 

ly possess in its present form. On this bssis, the SRB heat 
shield is expected to flutter during reentry. 

Theory indicates that flutter can be suppressed by providing 
1 sufficient in-plane tension in the heat shield, or by increasing 

its bending stiffness (the present heat shield is a limp fabric 
i structure). In-plane tension can be supplied by placing a static 

pressure differential between the inner and outer surfaces of the 

heat shield, or by any equivalent means. The amount of tension, 
I 
P acting alone, that would be required to stabilize the heat shield 3. 
!.. would be quite large. Combined tension and bending stiffness is 

i [ suggested as a better means of suppressing flutter. 

A program of experiments, including vibration tests on both 

the full scale heat shield (or a p~rtion thereof), and on aero- 

elastically scaled models of the hea: shield, and a series cf 
aeroelastiz wind tunnel tests isproposedin order to determine a 

design modification or "fixn that will stabilize the beat shield. 
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The wind t u n n e l  tests should be conducted a t  test  s e c t i o n  Mach 

numbers between 2 and 3.5. Dynamic p r e s s u r e  should be  inc reased  

u n t l l  f l u t t e r  is encountered,  o r  u n t i l  maximum t u n n e l  aynamic 
p r s s s u r e  i s  reached.  Maximum t u n n e l  dynamic p r e s s u r e  should 

correspond a t  model s c a l e  t o  a l e v e l  50% g r e a t e r  than  t h e  maximum 

p r e s s u r e  expected d u r i n g  r e e n t r y .  The tests should be  c a r r i e d  o u t  
on a geomet r i ca l ly  s c a l e d  model o f  t h e  a f t  end of t h e  SR9. This  

model should be r o t a t e d  through t h e  f u l l  range  of a n g l e s  of 

a t t a c k  expected d u r i n g  r e e n t r y ,  a l though  h i g h e s t  p r i o r i t y  should 

be ass igned  t h o s e  a n g l e s  o f  a t t a c k  t h a t  produce l o c a l  Mach num- 
b e r s ,  over  t h e  f a c e  of  t h e  hea t  s h i e l d ,  between 1 and 2. This  
Mach number range  i s  most c r i t i c a l  wi th  r e g a r d  t o  f l u t t e r .  Each 

f l u t t e r  suppress ion  concept should be t e s t e d  i n  t h r e e  d i f f e r e n t  
v e r s i o n s ,  having d i f f e r e n t  l e v e l s  o f  s t i f f n e s s .  This  procedure 

w i l l  make it p o s s i b l e  t o  i n t e r p o l a t e  o r  e x t r a p o l a t e  t h e  d a t a  t o  

determine t h e  minimum s t i f f n e s s  r e q u i r e d  t o  prevent  f l u t t e r  dur ing  

r e e n t r y .  
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APPENDIX A 

ELASTIC  CONSTANTS OF THE 3% SCALE MODEL HEAT SHIELDS 
USED I N  THE UIWD TUNNEL TESTS AT BE06 

Using data provided by R.W. Walker of NASA MSFC (private 

communication), the in-plane stiffness Eh, and compressional -- 
wave speed &h/m were calculated for the model heat shields used 

in the wind tunnel tests at AEDC. Walker performed uniaxial pull 

tests on rectangular samples of material cut from the heat shields 

at two orientations, one radial, and the other circumferential. 

He supplied graphic recordings of force vs elongation. These 

curves were not linear, so judgement had to be exerccsed in 

decfding at what strain level (or elongation) to measure the 

slope. In consequence, the valves calculated for Eh and &h/m 
are st best crude estimates of the equivalent linear elastic 

constants of the heat shields. 

1. Materials Used at M m =  2.75 

A -  Lightweight Nylon Impregnated with Rubber: 

Sample 0rienta:ion 

Radial Circumferential 

.015 cm 

0.20 kg/m2 

1.8 lo4 N/m 2.3 lo4 N/m 

300 m/s 335 m/s 
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B. Polyester Cloth 

B o l t  Bsranek end Nemen Inc. 

Sample Orientation 

Radial Circumferential 

.025 cm 

-097 kg/mZ 

1.1 - l o b  N/m 3.7 lo3 N/m 

335 m/s 195 m/s 

2. Materials Used at M, = 3.50 

A. Heavy Nylon Impregnated with Rubber: 

- - 

p 
_i 

C! 
n 
u 
If 

- - 
I . '  

Sample Orientation 

Radial Circumferential 

.025 cm 

-028 kg/m2 

1.5 10' N/m 1.5 10' N/m 

231 m/s 231 m/s 

B. Polyester Cloth Sample Orientation 

Radial Circumferential 

h .025 cm 

m -097 kg/m2 

ER 9.3 lo3 ~ / m  3.5 10' ~ / m  

Eh/m 309 m/s 190 m/s 
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A P P E N D I X  B 

MEAT S H I E L D  S T I F F E N E D  BY C I R C U M F E R E N T I A L  HOOPS AND 
I N - P L A N E  T E N S I O N  

A s  p r e s e n t l y  conceived, t h e  h e a t  s h i e l d  is a l i m p  f a b r i c  
c u r t a i n .  The c u r t a i n  covers  a n  annu la r  opening having an  
o u t e r  d iameter  o f  208 inches ,  and an  i n n e r  d iameter  of 148 
inches .  Enough s l a c k  is  provided f o r  s2 t h a t  t h e  f a b r i c  can 
assume a  sag r a d i u s  o f  about 15 inches .  

One way t o  improve t h e  a e r o e l a s t i c  s t a b i l i t y  o f  t h e  h e a t  
s h i e l d  is t o  s t i f f e n  i t  by 

( 1 )  sewing c i r c u m f e r e n t i a l  r i n g s  o r  hoops i n t o  t h e  
f a b r i c  a t  equa l ly  spaced r a d i a l  increments ,  and 

( 2 )  applying a n  in-plane t e n s i o n  t o  t h e  f a b r i c .  

A t  low supersonic  Mach numbers (1 < M < l . 5 ) ,  t h e  c r i t e r i a  f o r  

s t a b i l i t y  i s  t h a t  t h e  minimum in -vacuo  wavespeed exceed 268 m / s  

(880 f t / s e c ) .  (See S e c t i o n  5.1.1.) The minimum wavespeed ir. t h e  
r e i n f o r c e d  hea t  s h i e l d  is  g iven  by Eq.  ( 1 5 ) ,  

N c 2  min = 2. (>3)"2 + - x  
m 

I and t h e  wavelength a t  which t h i s  minimum wavespeed occurs  i s  

= (yJb ( )  min 

I If t h e  inp lane  t e n s i o n s  N, and N a r e  caused by s t a t i c  p r e s s u r e  
Y 

d i f f e r e n t i a l ,  t hen  N = Ny/2 ( s e e  Eq.  1 3 3 ) .  Therefore ,  
X 

c  
min 2m 
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It is  convenient  t o  re-arrange t h i s  express ion  a s  fo l lows:  

min 

If  t h e  c r i t i c a l  wavelength g r e a t l y  exceeds t h e  width o f  t h e  heat 

s h i e l d ,  then  t h e n s t r a l g h t e n e d  ou tngeomet r i ca l  model upon which 
t h e s e  c a l c u l a t i o n s  are based ( S e c t i o n . 4 . 2 )  becomes I n c o n s i s t e n t  
Hence restr ict  V 2 b  t o  be less than, s a y ,  2.11. From Eq. (B-2), t h i s  
is  e q u i v a l e n t  t o  r e q u i r i n g  that 

Inspec t ion  of Eq. (8-3) shows t h a t  large v a l u e s  o f  Dx/N b a r e  
Y 

advantageous, i n  t h a t  they  reduce t h e  in-plane t e n s i o n  needed t o  
meet t h e  r e q u i r e d  emin. Thus set 

Eq. (8-3) becomes 

c 2  ( 2 n b T +  1/21 
min 

N Solv ing  f o r  t h e  r e q u i r e d  2, 
m 
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From Eq. (B-4), t h e  a s s o c i a t e d  c i r c u m f e r e n t i a l  bending s t i f f n e s s  
is  

Dx = 2 c 2  min 
mb' 2¶J2 + 1/2 

The c i r c u m f e r e n t i a l  bending s t i f f n e s s  D i s  due e n t i r e l y  t o  
X 

t h e  hoops. I!' N hoops are efnployed, each  having  t h e  same beam 
bending s t i f f n e s s  E I ,  t h e n  

NEI 
Dx 

t -  

b 

On t h e  o t h e r  hand, the  mass/uni t  a r e a  m depends on b o t h  t h e  
s u r f a c e  mass d e n s i t y  o f  t h e  f a b r i c  and t h e  mass o f  t h e  hoops: 

m = m  f a b r i c  + >- hoo s 

S 

where As i s  t h e  s u r f a c e  area o f  t h e  h e a t  s h i e l d ,  t a k i n g  t h e  s a g  
r a d i u s  i n t o  accoun t .  

If we u s e  t u b u l a r  hoops w i t h  wall t h i c k n e s s  t ,  t h e n  
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So 

S o l v i n g  f o r  r, 

B o l t  Bcranek and Newmsn I n c .  

Le t  L  b e  t h e  ave rage  c i r cumfe rence  o f  t h e  hoops and p be t h e  mass 
h  

d e n s i t y  o f  t h e  material o f  which t h e y  a r e  c o n s t r u c t e d .  Then t h e i r  

t o t a l  mass Is 

M = 2. - r tLp  
hoops h  

So t h e  mass/uni t  a r e a  o f  t h e  r e i n f o r c e d  h e a t  s h i e l d  i s  

m - m  
f a b r i c  

-+ 2 ~ n  ( ) % tLph  /bS 
NE.rrt 

Eqs. ( B - 6 )  and ( B - 7 )  can  be s o l v e d  i t e r a t i v e l y  f o r  t h e  mass /un i t  

a r e a  m an3 t k e  r e q u i r e d  bendrng s t i f f n e s s  D . The p rocedure  i s  
X 

t o  assume a v a l u e  f o r  m ( m  = m Is a good s t a r t i n g  assump- 
f a b r i c  

t i o n ) ,  compute D, from Eq. ( B - 6 ) ,  t h e n  compute a new v a l u e  f o r  

m from Eq. ( B - 7 ) ,  and s o  on. 

For example, if we use  f o u r  a luminua t u b e s  w i t h  a w a l l  
t h i c k n e s s  of 0.127 cm (0.05 i n ) ,  and  assume t h a t  m f a b r i c  = 1.88  

kg/m2 ( .012 s l u g s / f t  '1, t h e n  
71  
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N = 4  

E = 7.10~ k~,'m~. (lo7 psi) 

Ph 
= 277 kg/m3 (.00311 slugs/in3) 

and we obtain 
a 

The radius and wall thickness of the 4 tubular aluminum hoops are: 
i 

r = 2.9 cm (1 15 in) 

t = 0.13 cm (0 .05 in) 

The required in-plane tension N is, from Eq. (B-5),  
Y 

8 

I 

The pressure differential required to establish this tension is 

= 81.4 k ~ / r n ~  (11.8 psi) 
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L I S T  OF SYMBOLS 

As a surface area of' heat shield 

b = Width of annular heat shield (Fig. 11). 

c = Wavesgeed. 

'min = Minimum wavespeed. 

C o = Minimum in-vaeuo wavespeed in a flat plate. 

D = Bending stiffness. 

E = Young's modulus. 

Eh = In-plane stiffness. 

f = Frequency. 

F(q) = Aerodynamic integral in Eq. (9) (from Dowel1 119643). 

h = Thickness of model heat shield. 

R = Wavelength. 

M = Mach number. 

'local = Mach number over face of heat shield. 

If 
00 

= Test section or reentry Mach number. 

m = mass/unit area of heat shield. 

Nx = Stream-wise in-plane tension. 

N 
Y 

= Cross-stream in-plane tension. 

P = Pressure. 

9 
1 = Dynamic pressure ( r  p ~ 2 )  

R = Sag radius of heat shield (Fig. 11) 
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e = Time. 

V = Flow velocity. 

w = Transverse deflection of heat shield. 

x = Stream-wise coordinate (Fig. 11). 

Y = Cross-stream coordinate (Fig. 11). 

= Wavenumber ( 2 n / ~ )  

= J M ~ - ~  

= Dimensionless constant defined in Eq. (10). 

= Static pressure differential. 

= Dimensionless variable defined in Eq. (8). 

= Normalized flow density (pb/m). 

= Poisson's ratio. 

= Flow density. 

= Airy stress function in Eq. (2). 

S u p e r s c r i p t s  

JB 
= Flow velocity or wavespeed d irided by c, (minimum 

in-vacao wavespeed in a flat plate). 

i cr = Critical value or value at which flutter occurs. 

min = Minimum value. 

00 = Free-stream value. 

74 
I 
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